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ABSTRACT 
Large amounts of rolled sheet and strip production are reworked yearly due to 
defects that include edge cracking. In an effort to understand the mechanism and causes of 
edge cracking during rolling a finite element model was used. These models utilized the 
commercial package ABAQUS and its built in automatic mass scaling scheme. A subroutine 
(VUMAT) was developed to provide for rate dependent elasto-viscoplastic response and 
evolution of damage.  Results of the model and damage are presented for differing lay-on 
temperatures, width to thickness ratios, edge shapes, frictional values, and asymmetric 
rolling. In addition, tips on modeling rolling and secondary tensile stresses are discussed.  
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Chapter 1 The modeling of rolling  
1.1 Motivation 
In the production of metal plates and sheet, defects in rolling cost the industry both 
in time and energy wasted to scrap and rework the metal products. Defects that are specific 
to rolling are common, and include variations in gage, waviness in the sheet, alligatoring, 
and edge cracking. Edge cracking results in the trimming of material edges creating scrap. 
This defect can effect up to 40% of the strip width (1).  In severe cases the crack can 
propagate into the material and cause it to completely break up in the roll gap, shutting 
down in the line and increasing expense for industry. The large cost to industry contributes 
to why edge cracking is and continues to be a reason for concern.   
In order to better advance the understanding of rolling processes and edge cracking, 
modeling of the process is necessary. The history of model development is essential to the 
understanding of flat rolling science and technology.  In order to present the model used in 
this study it is important to compare to past studies to understand the limitation of both 
the past models and the one presented here.  
1.2 History  
The history of modeling rolling dates back as far as the pioneering working of von 
Karman in the 1920’s. Since then, the work has been trying to predict rolling conditions 
that operate in stable working regions, avoids fracture points, and optimizes process 
parameters (2).  This process has been analyzed by multiple methods including the slab 
method, the slip line method, the upper bound method, and the finite element method. 
With any modeling method the assumptions made in the model directly correlate to the 
accuracy of results.  As time has passed, an increase in computational power allows more 
complete models which met an industry push for more accurate and production based 
models.  The goal of this introduction is twofold; first introduce the methods of modeling 
and then introduce the simplifying assumptions. 
The earliest method of modeling that was widely used is the slab method (3; 4; 5; 6).  
This method is still used to verify the results of other methods. In general the slab method 
assumes that rolled stock is made up of thin vertical segments perpendicular to the 
direction of rolling with only normal pressures, and not shear stresses, acting between the 
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neighboring segments (3). The slab method is mostly used for predicting roll force and roll 
torques.  
The most complete work on this topic was done by Orowan (3) who developed a 
graphical method of solving rolling equations.  He even attempted to account for 
inhomogeneous compression (usually ignored by models of this type) of the material by a 
correction factor. Orowan developed his model, not so that it could be used in industry, but 
to provide a means in exploring accuracy of other models for comparison.  Models that 
followed his work using a modified slab method include the work of Bland and Ford (4) 
and Bland and Sims (5). These focused on different assumptions that simplified his work 
for practical use but provided (hopefully) sufficient accuracy. Although these methods 
usually provided minimal changes to the roll force; large inaccuracies were shown in the 
roll torque.   Later, Alexander (6) had success turning Orowan’s method into a computer 
program for more general use.  
The next method to gain acceptance was the slip-line field method proposed by Hill 
(7). Unlike the slab method the solution to this problem gave more information about the 
deformation pattern (8). It also included redundant work which was missing from the slab 
method. The slip line method uses a geometrical representation to obtain solutions to 
statically indeterminate problem by adjusting the slip line pattern until both the velocity 
and stress boundary conditions are satisfied (9).   
Generally speaking with rolling, fan shaped slip lines are assumed and then adjusted 
till the boundary conditions are met. One of the more unique solutions, verified by 
experiment, found with slip line method was the development of peak pressures at the 
entry and exit of the strip (10). They also showed that the location of the neutral point of 
rolling in this method is determined by the traction conditions chosen.  
Another numerical method is the upper bound method, this treats the slip line 
solution as an upper bound and then determines other important characteristics from 
there.  Some notable studies are from Johnson and Kudo (11)who used the method to look 
at temperature distributions, and Matins and Barata (12) who used this method along with 
finite element analysis to calculate the rolling torque, the material flow within the region, 
distribution of stress, roll separating force, and the normal contact pressures. In addition 
they saved on computational time.    
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By far the most popular method of modeling rolling is the finite element method, 
especially in recent years. This is mainly due to its ability to handle nonlinear time 
dependent problems involving large strains and distortions like flat rolling (13). Other 
factors such as commercial availability of finite element solvers, the adaptability of the 
method to capture different features of rolling, and the increased availability of large 
amounts of processing power contribute to its use.   The finite element method breaks 
apart the space and sometimes time domain in to small chunks and seeks to simultaneously 
solve systems of equations for each chunk to get values for displacements and/or 
temperature for the model.  
This method has had significant development of proprietary solvers developed 
specifically for rolling, such as the one detailed by Sellars (14), and has made of use of 
commercially available packages like ABAQUS. Steady state and dynamic (explicit and 
implicit) models have been used to create solutions.  
A dynamic explicit finite element analysis was used in this study. For this model a 
3D explicit model scheme with linear quadrilateral coupled temperature- displacement 
elements with hour glassing control was used.  Other details of the model with a discussion 
and description of past studies in included in the next section.  
1.3 Assumptions and applications 
In the following section an overview of the assumptions commonly stated in 
modeling metal rolling processes will briefly be reviewed. Then, a stance taken in the 
present work will be introduced, which will be expanding on in the chapters following.   
1.3.1 2D assumptions 
The most commonly used assumption is one of plane strain, and related to that, 
lateral spread in rolling is ignored.  This is a good assumption because when the width to 
thickness ratio is greater than ten (15) spread is nearly zero and the width direction can be 
ignored.  The exceptions to this rule is when studying edge effects and narrow rolling 
situations, then this assumption is not valid and accounting for the 3D aspect of the 
problem is essential. Studies have been completed that looked at the pressure distribution 
on the material in the width direction along with assuming no spread. So while the plane 
strain assumption implies no spread in rolling it is not mutually exclusive. 3D has also been 
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used to study profile and flatness defects looking at surface friction parameters. 3D 
modeling has been done with upper bound method and FEM (16). Initially spread was 
looked at from a purely empirical point of view and models were based on actual 
experimental results. Unfortunately this method rarely produced models that were 
accurate past the specific conditions of the test.  Most of what we gained from these early 
experiments was some idea of what parameters besides reduction effect spread including 
roll sheet friction condition, entry and exit tension and rate sensitivity.  
Obviously since the model designed in this paper is both looking at edge effects and 
narrow rolling simulations, a 3D model was created and used. 
1.3.2 Constitutive modeling in the study of rolling processes 
When dealing with rolling and the large plastic deformation that comes along with 
it, standard simple models of materials limit accuracy and yield stress must be strain rate 
and temperature dependent.  So more complicated models are employed which increase 
simulation time. To reduce some of this time purely plastic material models are used (17). 
Although this usually  do not effect results sufficiently, Chenot (18) notes that  elastic 
deformation of the sheet behavior in the entry and exit plays a very important role to 
calculating pressures in those regions. 
 In dealing with the finite element analysis constitutive models are used to calculate 
stress from strain values. In addition, constitutive modeling of materials exist to predict 
stable flow regions, rolling defects, and tests designed to predict final properties of the 
finished materials.  Initially, early models where primarily based on quadratic curve fits to 
extensive data sets that captured strain-rate sensitivity data, efficiency data, and stability 
data taken at both varying temperatures and strain rates (2).    
In the instance of cold rolling, simple hardening is used, 
   =   (1 +   )̅
  (1.1) 
Where Y is the uniaxial yield stress,   is the initial value of the yield stress at some 
reference state,   ̅is the natural strain, and B and n are constants (6).  In hot rolling some 
have gone the simple route and based on an argument that the strain, strain rate, and 
temperature variations through the arc of contact interact in such a way that the yield 
stress remains reasonably constant (9), this statement is not that accurate and, with the 
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current ease to implements strain rate dependent models into commercial finite element 
packages, it should be avoided.  Figure 1 is a quick comparison of the top row of element 
data for a rate dependent description (using a VUMAT to be detailed below) and a typical 
rate-independent stress strain curve.  
 
Figure 1- Comparison of VUMAT vs. simple stress strain curve data (ran at 10-1 [1/s] constant 
strain at 400°C) on the top row of elements. 
 
Constitutive modeling is now being used as a way to predict microstructures as well 
as to hopefully understand material softening (19) , dynamic recrystallization (20)  and 
final material properties after rolling (21). These studies are not limited to Finite element 
analysis as well; Pietrzyk (22) attempted it using Sim’s method which is a version of the 
slab method to predict microstructure evolution.  
 The constitutive model chosen in this study is detailed in Chapter 2 and is based on 
temperature, strain, and strain rate dependence. 
1.3.3 Heat Transfer 
 The addition of temperature dependence of the constitutive model requires that 
temperature boundary conditions be defined. While modeling temperature features tends 
to be complicated, three major factors contribute:1) heat lost to the environment before 
and between passes, 2) heat lost during contact of the rollers to the metal and 3) heat 
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generated during deformation. In the cases of modeling both laboratory conditions and 
industrial condition possess difficulties. In laboratory conditions the narrower work piece 
makes modeling assumptions harder and less accurate forcing the model to be 3D, while 
for industry the wider strips makes modeling assumptions more accurate. But in industry 
conditions, descaling jets and longer wait times between passes make accurate heat 
transfer coefficients more difficult to find (14).   
Dealing with the heat transfer between the work rolls is important because an 
estimated 38% of heat lost from a steel strip is lost between rough and finished rolling 
passes.  Most of this is considered conduction losses that are transferred directly though 
the contacting metal of the rollers. This has been supported by Chen (23) who has seen the 
heat transfer increase with roller pressure. In general, thermal responses of rollers are 
hard to model and measure because of the short contact time at the interface. When 
modeling it is important to have sufficiently short step times to accurately model the heat 
transfer (23). 
Generally speaking, along with short contact times, friction at the interface also 
affects the heat balance. The variation in the friction parameters (which can generate more 
heat) during experiments is difficult to measure although it has been attempted.  While 
both cold rolling and hot rolling studies have attempted to look at these effects. The 
importance of appropriate heat transfer is much more important in hot rolling because of 
the flow stress dependence on temperature is much more pronounced in the high 
temperature region. In cold rolling, oxides can be neglected as deterrents to heat transfer 
(24). 
Predictive equations do exist and are varied for heat transfer for the hot rolled 
cases.  Some of these are just dependent on the oxide layer and the heat transfer coefficient 
of the work piece. Others incorporate surface roughness, pressure and yield strength to the 
equation. In looking at several of these equations, Tseng noted that the parameters of 
friction, surface roughness, and the oxide scale are the hardest to measure and provided 
the greatest variability to the prediction (24).  
For this rolling study, temperature modeling included 3 different aspects, heat 
generation, heat transfer from the roller, and heat transfer to the atmosphere. All thermal 
coefficients were taken to be temperature independent as the temperature did not vary 
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much in the rolling model as seen in Figure 2. All heat transfer coefficients were taken from 
Harnish et al. (25) and are included in Table 1 for completeness. 
Table 1- Heat transfer values  
Parameter Value Units 
hair-workpiece 0.85 kW/m2K 
Air temperature  25 °C 
hroller 21 kW/m2K 
Roller temperature  94 °C 
Lay on temperature 427 °C 
Inelastic heat fraction 0.9 --- 
 
 
Figure 2- Temperature distribution for the a simulated run on the outside edge. 
 
1.3.4 Friction 
Friction modeling and measurement is extremely important in rolling situations, 
because friction pulls the material into the work zone, it determines the streamlines and 
the deformation. This means that velocity conditions are completely dependent on what 
frictional conditions exist, either sliding or sticking. If the material is assumed to be sliding, 
the material speeds up when it hits the roller and changes abruptly when it enters the work 
zone. Sliding friction means the change of speeds is much more gradual over the arc of 
contact, in both cases the entry and exits speeds are the same, but the speeds vary in 
between the two conditions and the force profile changes (26).The point at which the 
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velocity is equal to the roller speed is termed the neutral point. Many of the early models 
rely on accurate prediction of this point.  In addition, the normal roll pressure also varies 
with friction and increases from zero at the entry and exit and obtains a maximum value at 
the neutral plane. The curve of the pressure distribution curve is referred to a friction hill. 
At the entry of the roll gap the material moves slower than the rollers and at the exit the 
material moves faster than the rollers. The assumed speed up of the material is determined 
by what assumptions are made to deal with the contact zone (27). 
While most studies just assumed that the frictional drag force is equal to some 
coefficient of friction μ, times the normal pressure p, which was sometimes simplified to 
the average stress (28), another  common frictional assumption is that the frictional drag is 
equal to the lesser of either μp or the shear strength of the material; this is more accurate. 
This latter method was originally suggested by Orowan (3)who observed that the frictional 
drag force could never be higher than the shear strength of the material. Often times 
Orowan’s method provides abrupt changes at the neutral point of the model which can 
cause unrealistic peak stresses.  One way suggested to avoid this is to use an adhesion zone 
around the neutral point where the material sticking ability slowly changes from a peak at 
the neutral point towards zero on the edges (2). While there been some evidence that the 
coefficient of friction (29) changes throughout the roll gap, modeling of this phenomena 
does not result in the changing calculated pressures (13). 
Frictional conditions are typically difficult to measure in experiment and they are 
usually found by measuring by forward slip to develop an average frictional value. One 
such way to do this is given by   
 
  =
ℎ  − ℎ 
  
ℎ  − ℎ 
4  −
  ℎ 
    4 
 
(1.2) 
where ℎ is the height at the inlet, ℎ is the height at the exit, R is the radius of the roller, s is 
the slip. Typical values for the coefficient of friction measured from experiment for Al are 
0.23 with the upper and lower limits of 0.1 and 0.4 (30). 
For the model in this study a common friction factor was assumed to be 0.3 and the 
model was run without a shear stress cutoff implemented.  
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1.3.5 Roller Rigidity  
Roller distortion is generally accounted for in most cases. Many people when 
modeling assume that the contact area is still elliptical in shape and use Hitchcock’s 
formula below to adjust the models rolling radius to more correctly match the arc of 
contact in the region.  
   
 
= 1 +
.       
 
              (1.3) 
   
Here, the reduction is    = ℎ  − ℎ   where ℎ  is the height at the inlet and ℎ  is the height at 
the exit, P is the pressure,  ′is the corrected radius and  is the actual physical radius (6). 
The units used in this formula are in tons and inches. While this is still in use today, 
researchers doubt the accuracy of this assumption. Orowan (3) preformed an experiment 
where before reaching the end of the work piece the working rolls were retracted and the 
indentations left by the roller were recorded. These indentations were not cylindrical. In 
addition, mathematical iterations involving the mean pressure distribution and the roll 
diameter did not lead to convergence if a circular arc of contact was used.  While uncertain 
at the time, more recent research ( (6), (16), (31)) has since commented on the 
inaccuracies of this method.  Overall calculations using a deformed roller improved roll 
force and roll torque prediction calculations significantly and changed the maximum 
pressure and the location of the neutral point (13). This is a significant effect in cold rolling 
where gauge becomes quite thin. In this study because hot rolling at moderate gauges are 
used this effect is lessened. 
The major problem with adapting elastic rollers into the simulation is the increased 
computation time and getting the models to converge in an efficient fashion.  Franzke (31) 
was able to get around this problem by running the simulation as two separate models and 
then coupling them together using a mapping rate to update geometry information in both 
simulations. 
 For simplicity the roller was assumed rigid and no attempt was made at this time to 
look at the effects of elastic rollers on rolling parameters. Calculations were performed 
using equation (1.3) and the actual roller size is about 1% more than the modeled size for 
this example. 
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1.3.6 Other aspects of modeling 
With all modeling, the assumptions made effects accuracy of the solution and should 
be made with the final goal in mind. Models of rolling have been simple from measuring 
force and torque requirements to including mill dynamic to look at chattering effects (32).  
The present model was specifically designed to look at edge cracking in hot rolling. Hence 
rolling is not modeled perfectly in this representation and special care must be taken when 
viewing the model.  
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Chapter 2 Constitutive model 
2.1 Motivation 
Simple constitutive models where stress is dependent on plastic strain are most 
often used for simple design problems where the part in question is being operated at 
room temperature, minimal plastic strain, and high factors of safety. As interest turns to 
problems that exist at higher temperatures and deal with large plastic strains these simple 
models become more inaccurate and require a more physically-based material 
representation for reasonable results.  As discussed previously, since hot rolling conditions 
are being modeled, it is necessary to use a constitutive model that takes strain rate and 
temperature into account. Currently, many models exist for this and one needs to be chosen 
biased on the ability to recreate model operating conditions and amount of data this is 
available or attainable.  
While an effort has been made to utilize many of the features built into a commercial 
finite element package, the material models available are not quite sufficient for the needs 
of rolling, for reasons above. A few of the models available do meet this requirement but 
are based more on curve fits than supported by understanding of the underlying physical 
mechanisms.  To get around these limitations a VUMAT was constructed based on Kweon’s 
(33) work on AA2024-O and is detailed here for completeness. 
2.2 The Model   
The model starts with a relationship biased on the kinetics of viscoplastic flow as 
detailed by Kocks and Mecking (34). 
   
 
=   ( ̇,  )
   
  
  
(2.1) 
Where   is the ‘scaling’ stress,      is the strength at some reference condition,   is the 
temperature dependent shear modulus, and    is the shear modulus at absolute zero,  ̇ is 
the plastic strain rate, and T is the temperature in Kelvin. Which are used to describe some 
function    , which is described as  
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   =  1 −  
  
     
    
  ̇
 ̇
  
 
 
 
 
 
(2.2) 
where k is the Boltzmann constant,      is the normalized activation energy,    is the 
Burgers vector ,   ̇ is the reference strain rate. The function    incorporates the 
temperature and the strain rate dependence into a scaling function.  The choice of the 
exponents is purely related to the phenomena of the stress. 
In this particular model, two major regimes are modeled that correspond to lower 
temperature/ faster strain rate case when hardening is active and the higher 
temperature/slower strain rate case where strain hardening does not affect the strength of 
the material. These regimes are best represented by the term     ⁄ , where g is defined by: 
 
  =
  
   
    
  ̇
 ̇
   
(2.3) 
When     ⁄  is less than 0.41 the low temperature regime is active and the yield stress is 
defined by two state variables. In the high temperature case, when     ⁄  is equal to greater 
than 0 .5, we are firmly in the high temperature regime.  In this case the yield strength is 
equal to     because the stress rapidly saturates.   When  
   ⁄ is between 0.41 and 0.5 we are 
in a transitional phase where the model is not terribly accurate.  
In the low temperature regime, both stage III and IV of hardening are represented.  
Stage III hardening is marked by a work hardening rate that decreases sharply with strain; 
whereas, stage IV hardening is marked by a virtually constant work hardening rate.  Two 
state variables are used two represent the transition between these two regimes.  These 
variables track dislocation effects on yield stress. To start the derivation, begin with the 
voce work hardening response defined by: 
 
  =     1 −
  
  .
  (2.4) 
 Where   is the tangent modulus,     is the hardening rate at the initiation of stage III 
hardening ,    a state variables that relates to the hardening strength and is due to 
statistically stored dislocation, and    which represents (in the low temperature regime) 
the saturation stress.  
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    
  
=     1 −
  
  
+
  
  
  
     (2.5) 
   is another state variable representing the hardening due to geometric (signed) 
dislocation density.  This begins to dominate as the total strain accumulates. 
    
  
=       (2.6) 
 The flow stress is then described as      
 
   =    +
 
  
    
(2.7) 
where   is representative of the athermal strength. 
For the high temperature regime    becomes the yield strength of the material as 
the hardening saturates.  
For this particular model the values of the all the constants have been determined 
and published earlier (33), and are listed in Table 2 and Table 3 below. 
Table 2-Fitting parameters for the high temperture regieme (  /  >  .  ) 
Parameters Value Units 
     1054.5 MPa 
    0.7065 -- 
  ̇                    10
  1/s 
 
  
 
0.5899 MPa/٥K 
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Table 3- Fitting parameters for the low temperture regieme (  /  <  .   ) 
Parameters Value Units 
     303.1 MPa 
    1.3672 -- 
  ̇                  10
  1/s 
 
  
 
0.5899 MPa/٥K 
   135.0 MPa 
  (  = 0) 0.1 MPa 
   3900 MPa 
  200 -- 
  (  = 0) 0 Mpa 
 
2.3 Development of the VUMAT 
The VUMAT contains a bisection algorithm that runs on determining an upper and 
lower boundary for g and finding the equivalent plastic strain. It then iterates until the 
condition described in equation 
 
   
      =     + 2 ∆    +     ∆    
(2.8) 
is met.   At the start of the algorithm the trial stress    
       is first estimated 
 
   
      =     + 2 ∆    +     ∆      (2.8) 
Where  , the shear modulus is defined as   =
 
(   )
 and   is Lame constant and is defined as 
  =
  
(   )(    )
 and ∆     is the change in stress during the time step. After this a trial von 
Mises stress,    is calculated.  
Next g is assumed, the first boundaries are set at 0.001 to 0.7 and the plastic strain 
rate is solved for by rearranging (2.3) to 
 
 ̇ =   ̇ 
     
                                                                
(2.9) 
 
This value is compared to a calculated total strain for the increment and the lesser of 
the two values is chosen because the plastic strain rate for the increment cannot be greater 
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than the total strain rate for the increment. The strain is then assumed by combining the 
answer from above with the time increment to get an estimated strain.  Then using 
equation (2.1) and (2.7) the yield stress for both the high and low temperature regime are 
calculated.   The yield stress is assumed to be the lesser of the two values. 
After the yield stress is calculated, equation below is checked 
 0 =    −    −  ∆   (2.10) 
Where   =
 
 (    )
 .  If equation (2.10) is not met within a user defined tolerance, both g 
and the remainder of the equation (2.10) are stored setting either the upper or lower limit 
of the numbers and a new value g is calculated using bisection procedure.  Once the value 
of upper limit and the lower limit of g are within 0.01 of each other linear interpolation is 
used to speed up the process.   
To verify the VUMAT model simulations were ran to check the results on a simple 
tensile test and compared to test run by Kweon (33), the results appear in Figure 3 .  
 
Figure 3- Comparision of the simulated stress strain curves and the values from experiment. 
 
As noted in the previous work (33) the model has difficulty at 200° C. In this region 
the value of g1/2 (roughly 0.47) is in the transitional range for the constant strain rate of    
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10-2 [1/s]. In the transition region, the values of yield stress calculated are far less reliable. 
Ideally for the best results g1/2 values should be away from the range of 0.41 to 0.5.  
 
Figure 4- g1/2 of the rolling model sample 
  
Unfortunately, the rolling area tends to be in the transitional region of the yield stress, 
which can be seen in Figure 4. This region is represented by the blue region which varies 
from 0.45 to 0.51 when the lay-on temperature is 427° C. Typically, by the end of the 
model, the higher temperature regime provides the lower yield value for the majority of 
the nodes in this range. 
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Chapter 3 Mass Scaling  
3.1 Introduction 
In dynamic explicit analysis the step time which dictates simulation time is limited 
to the stable time increment defined below: 
 
∆        =
  
 
=
  
 
 (1 −  )
(1 +  )(1 − 2 ) 
 
(3.1) 
where    is the characteristic length of the element,   is the sound of speed in the material 
  is the modulus of elasticity,     is Poisson’s ratio, and   is the mass density (35). Typically 
in material forming, the stable time increment is many times less than the process time of 
the material, which slows computational time. To make these cases run efficiently, finite 
element analysis requires the use of either velocity scaling, mass scaling, or a combination 
of the two methods.  In velocity scaling the work piece speed is artificially increased, 
making the total simulation time shorter. In this model, velocity scaling cannot be used 
because the constitutive model is rate dependent, so changing the velocity would change 
the material reactions and yield strength creating inaccurate output (36).  In mass scaling 
the mass/density of the element adjusted artificially which increases the stable time 
increment as seen in equation (3.1).  If the mass scaling factor is chosen to be too large, the 
quasi-static condition will be broken and inertial effects will result in an incorrect 
deformation solution (35). Generally speaking the ratio of kinetic energy to internal energy 
is used to assess dynamic effects in the model. As this ratio increases above 5% the mass 
scaling solution is inaccurate. This factor should be checked locally and not just globally as 
local violations, which cause inaccuracy, can be hidden in global numbers (37).  
 In modeling rolling compared to other metal forming operations, the mass scaling 
factor tends to be larger. This is due largely to the fact that the majority of the deformed 
work piece is constrained by rigid bodies, therefore the kinetic energy of the work piece is 
a very small portion of the energy balance (38).  
To assess stability, the Courant, Friedrichs, and Levy (CFL) condition is used. This 
states that fastest wave traveling though the material cannot propagate more than one 
element per time step.  To compare stability of possible time steps the courant number,    , 
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(as seen in equation (3.2)) is used where the ∆         is the time step used and  ∆         is 
the time step which determines stability. 
 
   =
∆       
∆       
 
(3.2) 
 
3.2 Implementation 
In this model mass scaling was implemented by using an automatic mass scaling 
scheme built into ABAQUS specifically for rolling.  Essentially, a stable time increment is 
calculated using the feed rate, number of nodes in the cross section, and the average 
element length by ABAQUS. It is recalculated as the feed rate changes which results in 
slight variations of the time increment throughout the model time (Figure 5).  In order to 
achieve good results using this method, the element meshing guidelines proposed by 
ABAQUS are used. These include 1) mesh is created by extruding a two dimensions cross 
section, 2) the element length in the rolling direction does not vary significantly, and 3) the 
cross section element size is equal to or smaller than the length of the element (39), all 
conditions which are easily met in this model. 
 
Figure 5- The applied time increment change over the simulation. 
 
Because of this scheme the mass scaling factor varies per element, as well as per 
time step, as the stable time increment is enforced on the model (Figure 6).  
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Figure 6- Mass scaling changes over simulation time of random elements. 
 
Although, this method has been used in literature by Ling et. all (40), no verification 
of this method was performed.  So to verify that the automatic mass scaling is appropriate, 
a parameter study was performed to check the variation in von Mises stress and stress 
triaxiality over the simulation. This parameter study was performed using the VUMAT 
outlined in Chapter 2 and assuming symmetry in boundary conditions imparted by the top 
and bottom work rolls.   
 Since the mass scaling factor varies throughout the simulation, it is more effective 
to draw comparison by fixing the stable time increment and letting the mass scaling factor 
vary.  The analysis was run at stable time increments that were roughly equal to the 
smallest increment found in the automatic scaling, and then at ½, 1/5, and 1/10 of that 
fixed time increment. Because of the short run time for the simplified symmetric 
idealization, the model ran in a reasonable time frame without any mass scaling, so 
comparisons was done without mass scaling as well.  The time for the runs is included in           
Table 4 below.  
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          Table 4- Simulations and run time  
Run Type Time  
Automatic Mass Scaling 33m 36s 
Fixed Stable Time increment 47m 16s 
½ of fixed value of stable time 
increment 
1h 30m 31s 
1/5 of fixed stable time increment 3h 53m 46s 
1/10 of fixed stable time 
increment 
7h 45m 36s 
No Mass Scaling  62h 52m 9s 
 
To analyze the data, rows of elements were taken at the top surface of the model, 
the fourth row of elements from the top (T/8), the eighth row elements (T/4) and at the 
bottom rows of element (T/2) on the outside edge of the simulation as seen in Figure 7. 
 
Figure 7-Locations of rows of elements studied. 
 
All of the data shows similar convergence over most of the work piece. Stresses for 
all the runs are shown in Figure 8. For the graph the zero point is the middle of the roller 
with the positive direction in line with the rolling direction. Overall, most the data is fairly 
consistent over the entire length of the sample. The only major discrepancy on the model is 
the surface row of elements where the 1/5th and 1/10th the time step is slightly higher than 
other model runs. This is odd since the run without mass scaling is closer to the auto mass 
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scaling run than it is to the 1/10th or 1/5th run.  Although, this difference exist at least there 
seems to be some convergence as the 1/5th and 1/10th values are almost identical.  
 
 
Figure 8-Difference in the von Mises stress over the different runs at different positions on 
the edge of the sample. 
 
A greater discrepancy exists when comparing mass scaling solution for triaxiality, as 
seen in Figure 9. Triaxiality was compared, as it is the basis of the damage modeling 
applied to the model.   The large divergence in the solution before the roll bite region exists 
due to stress pressure waves that seem to move throughout the non-deformed end of the 
sample. In general it appears that the mass scaling analysis is valid to 0.01m past center 
point of the roller for the surface string of elements, which increases to a maximum of 
0.035m to the middle of the sample which is the same at the bottom of the elements.  
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Figure 9- Difference in the triaxiality over the different runs at different positions on the 
edge of the sample. 
 
 In order to deal with the divergence before the roll bite region, a cutoff of the plastic 
strain rate will be applied to filter these values. Figure 10 shows the most extreme case 
where the plastic strain rate is largest in the area of with the least convergence. Even 
though the data begins to diverge at the -0.02 m mark when the effective plastic strain rate 
is approximately 7[1/s], a lower cutoff of 0 .015[1/s] is chosen.  This is done for two 
reasons: a cutoff at 7[1/s] plastic strain rate is much too high to capture all of the reactions 
away from the surface, and while the model shows some divergence before that point, it is 
not extremely bad before -0.047m when the plastic strain rate is 0.015[1/s].  
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Figure 10- Stress triaxiality variance and the plastic strain rate roll bite (region of interest is 
shown). 
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Chapter 4 Damage modeling 
4.1 Introduction 
Since the ultimate goal of this work is to look at edge cracking, some exploration 
must be done into damage processes. Typically edge cracking in rolling is assumed to be a 
ductile process.  In ductile processes cracks propagates using the following method: first 
void nucleate at inclusion, flaws, or grain boundaries, next voids grow with increasing 
plastic strain, and finally at a critical stain deformation localized and voids interconnect 
into a crack (15). While this mechanism is well established in literature, damage models are 
not.  Damage is under much debate and predictive models are relatively limited in scope.  
Most damage predictors used some form of the triaxiality which is defined by   
 
   =
      
   
 (4.1) 
where      is the von Mises stress and        is the pressure stress. The pressure stress is 
defined by 
 
       =
    +     +    
3
 (4.2) 
where    ,    ,     are the stresses in the normal directions. 
Triaxiality is a common predictor because it quantifies constraint caused by 
geometry.  Essentially a high pressure stress contracts the material until it is limited by the 
material around it; this promotes fracture by limiting plastic flow in the region (41). Since 
less energy can be spent deforming the material more energy is used to degrade the 
material (42). That being said not all damage models use triaxiality in the equations; often 
times they are used as (43) boundaries to the validity of the model.   
Rather than using a predictive model which can require many material constants, 
for example ten material constants in the Gurson model , data on the stress triaxiality 
compared to the fracture strain was available, which was collected by Kweon (33) . While 
this model and data are far from perfect it provides a rough estimate too the beginning of 
cracking.   This data was compared to other data taken from Bao (43) which is from the 
same alloy but not the same heat treatment. 
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Figure 11- Triaxiality verses strain to fracture measured by two different sources. Data 
taken from Boa (43) and Kweon (33) is for a similar material which differs only in heat 
treatment 
 
In the graphs above some discussion is in order. Theoretically some have argued 
that because triaxiality can be related to void growth and void growth only happens in 
tension not compression, only positive values of triaxiality cause fracture (33).   While 
evidence does show a rapid decrease in crack creation after -1/3 triaxiality, failure has 
been noted with negative triaxiality (43).  In Bao’s paper he states that at -1/3 an 
asymptote is reached which lower triaxiality areas will not fracture. In addition, he argues 
that the region from -1/3 to 0.4 is dominated by shear damage and not void growth which 
may still happen when the pressure stress is not dominate over the shear.  In a later paper 
by Kweon (44), where he studied compression with crystalline plasticity, he argues that the 
development of the gradients of hydrostatic stress and the damage parameters arising 
from the addition of shear deformation cause grain to grain interaction causing tensile 
stresses in grains.  Unfortunately, small negative triaxiality values are difficult to test, so for 
this work we will use the best data available from experiment to give an idea of the damage 
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of the sample.  In addition, most of the work done in rolling is performed in triaxiality range 
of -1/3 to 1/3.  
In comparing the data sets in Figure 11, the change in the shape of the two models is 
worrisome and special caution must be taken when using this estimated method, but the 
difference in values might not be as large as they appear. Since triaxiality does not stay 
constant in each node over the entire time of the run, both authors applies an averaging 
scheme seen in the equation below  
 
          =
∑  ∆ 
∑ ∆ 
 (4.3) 
The difference is that Kweon is only summing over the triaxiality values that are positive 
while Boa is including values down to -1/3 stress triaxiality. Since both models rely on an 
effective plastic strain increment that is only defined when they believe damage is active. 
For this study the values provided by Kweon will be used and the curve fit listed in 
equation (4.4) and shown in Figure 11.  Overall the Kweon case is much more conservative 
when it comes to crack initiation, and while this method is not perfect it should be 
sufficient to provide tendencies and a way to quantify the possibilities of crack growth. 
4.2 Implementation into the VUMAT 
In order to implement the VMAT two state variables were added, one tracks the 
effective strain for the model and the other tracks whether damage has occurred. Effective 
strain(         ) is only added in the case that triaxiality for the model is positive since 
damage is assumed not  to occur in this work if triaxiality is negative. While this might not 
be true, as it is discussed above, the data given is only for positive triaxiality values. The 
effective strain and the triaxiality for the step is then used in a linear piecewise function 
shown in the equation below: 
       ≤ 0.43 ,           = 0.34   + 0.41 
      > 0.43,           = − 0.86   + 0.93890 
(4.4) 
This equation is the best fit line for the damage data graphed in Figure 11. If this equation 
is true; damage has occurred and the state variable tracking damage is changed from a zero 
to a one.  While this variable could be implemented into ABAQUS elemental deletion 
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scheme; this caused severe deformation that is not realistic. Therefore, the current the 
damage parameter does not connect it to any removal or material degradation scheme.    
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Chapter 5 Edge cracking 
5.1 Overview of cracking studies 
Edge cracking often results in edge trimming to remove the damaged material or 
can cause the work piece to breakup in the roll gap. In some cases the quantity of scrap has 
been quoted as 6% or more for certain aluminum magnesium alloys (45). Creating these 
cracks requires both inadequate ductility and secondary tensile stress on the edge (15). 
Obviously just like the need to predict the result of rolling, edge cracking has solicited 
research to better understand the concepts and causes associated with this defect.  
Because rolling is an industrial process, the concern of experiments is in making 
sure that results translate from the lab back to the factory floor. This is a complicated 
process, especially for hot rolling, because industrial mills are much larger than those 
typically used for laboratory experiments.  While gross geometry is easily scalable, the 
metallurgical parameters including micro-structural and thermal variables are not.  For 
example, laboratory rolling mills are usually much smaller than the ones used in industry, 
therefore the work pieces are smaller, this causes issues because the thermal masses of the 
two differ. Therefore the heat distribution differs between the two cases which greatly 
effects flow stress. This problem has been addressed by Burman by reheating the 
specimens after a temperature drop of more than 40°C below that of the first rolling pass 
(46).  
Accurately modeling rolling in the lab has created some unique testing methods; for 
example, in order to accurately model forward slip conditions used in cold rolling an 
upsetting rolling test is used. This has been used to study the effect of changing the forward 
slip condition and contact conditions easily. In this test, the material is drawn through the 
device using a tensile test machine. This device only reproduces contact conditions on only 
one side of the strip (47).  In different experiments, to estimate the creation of tensile 
stresses in rolling (which is related to crack propagation), often times a grid would be 
etched onto a material sample either on the side or between two pieces of material which 
then are riveted together. These test pieces are then rolled.  After rolling, the stream line 
data is collected by measuring grid changes. Modeling is then employed to back-track out 
the stresses (46).  In studying material factors, oftentimes different methods are used to 
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reveal the microstructure of the material including: optical microscopy, TEM, and x-ray 
diffraction (48).  These not only attempt to look at locations and material inclusions that 
tend to cause cracking but attempt to track the evolution of the microstructure in these 
materials.  
To study edge cracking creating accurate finite element models have become 
necessary as experiments are expensive and difficult to relate back to industrial conditions. 
The main debate in using this method is the damage model as discussed in Chapter 4 . 
Perhaps the simplest method attempted to model cracking is using stress intensity factors 
(49). The stress intensity factor (SIF) helps characterizes the crack tip and is used 
commonly in fracture studies. The determination of this factor is dependent on the size of 
the crack, geometry of the crack and part, the applied load, and boundary conditions. The 
factor is calculated then compared to fracture toughness information.   While Xie et. al. 
study, as described here, provides some insights into edge cracking, care must be taken. 
The SIF is mainly valid for linear elastic materials and processes; in the case of rolling 
deformation plasticity is inherent to the process (41).  In addition, SIF analysis does not 
take into account crack creation but only deals with crack propagation. While Xie’s study 
could be used to describe a cold rolling situation with a light passes, which may limit the 
zone of plasticity, the validity of this method with hot rolling would not be appropriate 
(49).  
More relevant to the damage method used here, many authors create a fracture 
criterion and simply delete elements when this criterion is met. Many fracture criteria have 
been proposed; some are based on critical strain, critical stress, or plastic work (50).  One 
example of this is the work of Oh and Kobayashi (51) where they use the principal tensile 
strains (  ) and principal compressive strain (  ) . The constants in these formulations are 
determined by experiment.  An example is given below: 
    = 0.133 − 0.5   (5.1) 
This criteria validity is limited to material in question, AA7075-T6 and only for rolling 
cases.  
The most complicated damage model, used in finite element analysis, utilizes the 
idea of void volume fraction. Since ductile cracking is based on the initiation, growth, and 
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then linking of voids, this is a more physical based analysis. In this type of study the void 
volume fraction is allowed to increase and decrease until it reaches a critical value in which 
the material fractures. In a study by Riedel et al. (50) they attempted to model edge 
cracking this way using the Gologanu model, which is based on the more commonly used 
Gurson model.  The uses of either of these models are problematic due to model complexity 
and a difficult to determine set of material properties. But, since the model is believed to be 
closer to the physics of the situation it is more likely to be valid over different stress states. 
These types of models also show the evolution of damage throughout the model. There are 
two interesting things to note about this study: since they were trying to recreate the 45° 
fracture pattern that is inherent to edge cracking 1) they had previously used a fracture 
criterion to recreate the pattern and 2) the Gurson model was unable to create this pattern. 
Only when they used the Gologanu model which assumes elliptical void shapes (instead of 
spherical ones) were they able to recreate the cracking condition.   
5.2 Causes of cracking  
5.2.1 Material Properties  
As mentioned at the beginning of this chapter, one of the required conditions for 
edge cracking is insufficient ductility. Therefore, studies of edge cracking in rolling often 
measure different material properties and microstructures and how those parameters 
affect ductility.  Ductility is influenced by temperature, grain size, preferred orientation of 
the material, and composition of the material (1). This is especially true with second phase 
inclusions which shape, size, and strength can be initiation points for edge cracking (15). 
Additionally in hot ductility: temperature, strain rate, composition, and previous thermal 
and mechanical treatments are also major factors affecting ductility (48). 
The mechanisms of crack growth and therefore ductility in alloys differ in tensile 
test to that of rolling. So when looking at materials and their tensile response, some review 
must be done on how it varying composition and microstructure actually effect specific 
aspects of the ductile crack process. For example, in reviewing Al- 4.5 Cu-3.4 Fe metal 
matrix composites, a material which contains randomly oriented “needles” of an 
intermetallic compound, the tensile test indicates that the cracking of particles controls the 
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ductility, but for rolled samples void nucleation, growth and linkage control the ductility 
(52).   
Atomic crystalline structure can play a part of cracking likelihood. For example, in 
looking at a magnesium alloys which has a hexagonal close packed structure the ratio of 
lattice parameters (c/a) effects probability of cracking; as this ratio controls the likelihood 
of different slip systems being activated.  In these materials, it was found that grain size had 
a weaker correlation to cracking than the lattice parameter ratio. This was caused by the 
interplay of these two lattice parameters and their ability to limit and or induce slipping 
and twinning. In addition, when these materials twinned the cracking resistance varied on 
the type of twin form, making this cracking case more complicated (53). 
 The existence of inclusions is not enough to determine ductility, but the 
compositions of the inclusions matters.  For example, in machining steels that containing 
non-metallic inclusions to improve machinability such as MnS or metallic inclusions such 
as Pb, Bi, and Sn, the need to balance the effects of inclusion interfaces, which both 
decreases the force required for machining and increases the likelihood of cracking by 
initiating voids, is difficult.  This study was conducted by comparing inclusions formed by 
Pd and Bi, in order to reduce Pd-S (lead) use, because of the human and environmental 
harm that it causes. It was found that Bi-S steels were more difficult to roll compared to the 
lead based ones.  Apparently, the low melting temperature and the poor deformation of Bi 
with the matrix accelerates the formation of cracks; so Mn is thought to be a better solution 
to the problem (54).  
Other examples of material studies include studying compositions of austenitic 
stainless steels after hot rolling. These studies contained edge cracks of different size and 
frequency. These cracks were sensitive to the content and amount of the delta ferrite. It is 
believed that delta ferrite slows the migration of austenite grain boundary during 
solidification which leads to corrugated boundaries resistant to crack propagation, because 
these boundaries act as nucleation sites to increase recrystallization rates.  The distribution 
of the material is inhomogeneous, as the highest ferrite content is located in the vicinity of 
the plate edge.  The delta ferrite content also affects the degree of edge cracks both in 
number and in size (48). 
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Contamination also comes into play in the cracking. For example in electrical sheet, 
oxidation seems to create more cracks of greater severity (55). Oxidation is also affected by 
different add on materials. For example, the addition of sulfur can lead to the detrimental 
formation of oxides in steel billets. Often times reducing the impact of oxidation requires a 
certain an amount of Mn to be added to free-machining steels. The oxide increases the 
probability of crack formation by creating stress concentration points (54). 
Hydrogen embrittlement can also cause cracking issues in different materials. In Al-
Mg alloys the additions of sodium make the edges prone to cracking as the addition of 
sodium is known to increase the amount of hydrogen dissolved in the material. While the 
mechanism of hydrogen embrittlement is unknown for aluminum, cracking nucleation is 
increased by an increase in porosity due to hydrogen and other dissolved gasses (46).  
Not all material contamination increases the probability of edge cracking in rolling. 
In a study of hot rolling of alloy 5182, sodium and calcium contamination were reviewed. 
While the addition of sodium is well known to induce cracking as discussed above; the 
effect of calcium is under debate. As calcium is likely to be picked up during casting, a study 
monitoring calcium’s effect on cracking was performed. To do so specific amounts of both 
calcium were added to a perfectly cast material. The alloy with the elevated calcium level 
did not crack. When both calcium and sodium are added to the alloy, at typical 
concentrations, the resulting material had fewer and less severe cracks after rolling (45). 
Ultimately, the material microstructure and composition provides no simple insight 
into the likelihood of cracking and each component must be reviewed separately for its 
effect on crack formation. Tensile tests are often a place to start, but different methods of 
testing have been developed to better replicate rolling conditions that exist.  Many of these 
methods try to view fracture conditions at different triaxialities (especially negative ones). 
Methods include the conical splay test (56) and tensile and compression testing of unique 
geometries explored by Kweon (33) and Boa et al. (43).   
Rolling of material is a process and during that process microstructure and strength 
evolve over time. While material composition is the first step to determine what the 
material will become, it is necessary to look at the entire process and review the ductility of 
the material through each stage in metal sheet and bar creation. The first step in most 
rolling processes is the initial cast; whether the material is initially cast into an ingot or a 
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sheet using a continuous casting method. This is the first place to combate edge cracking; 
as controlling melting and casting techniques can produce a work piece free of surface and 
center plane weakening features and provide initial ductility of the sample (57). For an 
example of weakening features, Gras et. al. (58)  studied the evolution of bleeds in 
continuous cast steels. Bleeds are small sections of regions packed with intermetallic 
particles. These are formed as small buckles in the matrix are formed, which fill with a 
highly enriched metal mixture, and then solidified rapidly. This creates material pockets in 
the matrix that are much harder than the surrounding matrix.  Even with these hard 
particles cracking is not certain as found in Gras study, as the particles must be hard 
enough to cause void nucleation in the matrix.  In the cases of ingot forming (as quoted for 
Al-Mg alloys but accurate for others) controlling ingot reheating , pass schedule, ingot side 
profile, edge scalping, casting technology, and ingot defects directly affect rolling as these 
effect the creation of weakening features and ductility (45).  
Solidification cannot be ignored in rolling. Often segregation bands are formed on 
the outside of ingots which get propagated to the edges of sheet metal when they are rolled.  
In one study by Thomson and Burman (59), which looked at solidification bands on 
industrial ingots in Al-Mg alloys, they saw three types of cracks: small cracks that were 
contained within the segregation band, large cracks that started in the segregation band 
but moved in to material bulk, and large cracks that started outside the band. In this study 
the majority of cracks were the small kind that where contained in the segregation band 
and while these smaller cracks were not sufficient for the formation of larger cracks it was 
where the majority of cracks initiated.   
After casting and homogenization, the heat flow, intermediate annealing, scaling, 
lubrication, and conditions of the rolling mill all effect microstructure and cracking 
development as the material moves through the process of edge cracking (57). For example 
when looking at continuous cast materials, which often has more micro-defects and poor 
texture evolution with heavy deformation, Gras et al. noticed that after 50% reduction the 
material microstructure became uniform as deformation caused the grains to rotate in the 
material (58).  Rolling steps are not a bad thing when properly chosen; as cracks are also 
known to heal in continuous deformation as well.  Temperature control cannot be ignored 
as it can effect and create variations in the microstructure of the material. In one study of 
34 
 
non-oriented electrical steel sheet, Han et al. showed grain sizes differed along the sheet 
because of the temperature effects during processing. The shorter cooling time caused 
elongated grains in the edge region; while the longer cooling time allowed for more 
dynamic recrystallization to occur and caused equiaxed grains in the center of the plate. 
The larger grains (and lessened ductility) on the edges caused cracking more readily here 
than in the center of the plate (55).  Another example is in an Al composite material where 
rolling often breaks up particles and refines them to a smaller microstructure that becomes 
more ordered and orientated along the rolling direction, improving the strength and other 
mechanical properties of the material (52). 
5.2.2 Creation of Tensile Edge Stresses 
 Even though rolling is often modeled as a plane strain process, an edge region exists 
with stresses varying across the width of the rolled material. Without modeling this 
section, the uneven lateral deformation which leads to edge cracking cannot be studied 
(30). In this region, lateral flow creates a gradual drop of the interface pressure close to the 
edges. Here the material does deform longitudinally but only because it is attached to the 
bulk of the strip. In this area yielding occurs with a combined effort of both compressive 
and secondary tensile stresses (57). These stresses occur on the free edge after the roll bite 
with a maximum at the central symmetry plane. Not only do these tensile stresses cause 
inhomogeneous deformation that result in concave and convex edge profiles which can 
induce stronger tensile forces, but these tensile stresses are the only way for void growth 
to occur (30). Because the rest of the strip is in compression, damage is usually confined to 
the edge region. The creation and the effect of these edges will be discussed in greater 
detail in the next chapter. 
One way to combat these tensile forces is from Saxl (60) who recommended the use 
of edge restraint bars which helps maintain square edges and contains lateral flow which 
occur-- which according to his experiments worked well. 
5.2.3 Final comments  
It is important to remember that edge cracking requires both conditions: lack of 
ductility and secondary tensile stresses. Both of these conditions play a part in the edge 
cracking and often times the specific limiting factor may be difficult to determine. For 
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example, in the case of edge shearing which creates a burr on the edge of the work piece 
that may induce an increase in tensile stresses. It was found that comparing an annealed 
sheared sample to an as cut material in a second pass of rolling, the annealed steel did not 
crack like the as cut version did. Therefore, in this case, the work hardening of the material 
created by the shearing process played a much larger part in the cracking than the shape 
change (61).  
The two requirements for edge cracking discussed in length in this chapter are not 
always the reasons quoted in literature. Some authors have chosen (57) to cite three 
reasons. The third is listed as the rolling of a non-square edge shape. This is not specifically 
included in this work, mainly because the effect of the tensile stresses is both created and 
increased by the overhanging material and it is difficult to decouple these two effects. 
When reviewing literature on the prevention of edge cracking it is important to keep 
these two requirements in mind, as some rolling parameters spark much debate as to 
whether they affect edge cracking or not. For instance, pass sequence has been debated. 
While Dodds and Boddington (15) says it does not affect cracking; Thomson and Burman 
has some evidence that it does (59).  While this debate will not be settled in this paper, 
perhaps it is better to review these issues with the two requirements of cracking in mind.  
In the next chapter, some of the different rolling parameters and conditions will be 
reviewed with the hope of providing some explanation as to their effects on rolling.  
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Chapter 6 Process Parameters and their effect on rolling 
While secondary tensile stresses and geometrical effects are quoted as being lesser 
to ductility for causing edge cracking, this paper will focus on these secondary issues which 
are fairly easy to test using a modeling method. For the most part, these factors are much 
less studied than the material ductility factors. The major factors studied here are 
temperature and speed effects (which are related to ductility), width to thickness ratios, 
edge shape, friction, and asymmetric rolling (which are all geometrical effects).  While 
there are other parameters that effect cracking, they will not be discussed or modeled here, 
as this list is a good start of many factors believed to contribute to edge cracking other than 
straight ductility. Other geometrical features not considered here but believed to 
contribute to edge cracking is the deviation from a parallel roll gap, which can lead to a 
wide variety of rolling defects including edge cracking (15). In addition, changes in forward 
slip can also affect the likelihood of cracking (47).    
In the remaining sections of the chapter, predictions of edge cracking are made 
through the model and the damage parameter set up in Chapter 1 and Chapter 4, 
respectively.  Generally speaking three different sets of data will be provided for each case: 
von Mises stress, triaxiality, and damage.  In all cases, the parameters are set up with the 
same range of values for each set of contour plots.  For the damage and triaxiality values, 
the contour plot is always set to model from zero to one (see Figure 12) unless otherwise 
noted. In the case of triaxiality, the lower limit is zero because the damage is believed to 
only accumulate when triaxiality is a positive value; the upper limit was chosen because, 
while it did not cover all the peaks, it gave a good distribution of the values. While not 
Figure 12- Typical triaxiality and damage legend for the following section. 
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addressed here, some time was taken to look at triaxialities from -1/3 to one, as well, 
because of the likelihood that values given in this range could cause cracking as discussed 
in Chapter 4.  In Figure 13 one of these graphs is presented. As true with most of these 
cases of rolling in the roll bite, triaxiality varies mostly from -1/3 to one in this region. So, 
therefore an effort should be taken in the future to include or evaluate the effects of the -
1/3 to zero triaxiality range in the damage model.  
In addition, it should be noted that the triaxiality condition on the edge is quite 
different when compared to the center (see Figure 14 ). The focus on the edge region is 
mainly because this region produces positive triaxiality and therefore damage.   
While the damage parameter is discrete, the interpolation of values when plotted 
using the ABAQUS code leads to graphed values that can be outside and in the middle of the 
range. Typically if the region is light blue or green, this corresponds with one node yielding 
in each element.  
 
 
 
Figure 13- Triaxiality graphed from -1/3 to one. 
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Generally (unless otherwise noted), the von Mises stress scale corresponds to 
Figure 15. Typically the values are not critical to the discussion as much as the changes 
between the values.  
6.1 Speed and lay on temperature effects 
Lay on temperature effects, without changing materials, affects ductility and 
fracture properties.  For example, in a study of AA 5454-O, which has a similar material 
response to AA 2024, Sezek and Aksaka found that the fracture strains were more 
deformation rate sensitive than that of rolling temperature, except in reduction around 
10% were fracture strains were more temperature sensitive. In this alloy the work 
 
Figure 15- Typical von Mises stress scale used in the following section. 
Center section Edge section 
Figure 14- Triaxiality for different sections of the roll bite. 
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hardening and temperature sensitive rates determined that the best workability occurs at 
300° C at a 10% pass reduction, which translates into diminished workability at higher 
pass rates and higher deformation temperatures (62).  
To explore these effects in the AA 2024 alloy system a model of initial (lay-on) 
temperatures of 327℃, 427℃, and 527℃, along with a reduction of 10% and 50% of the 
speed was tested. These were tried on a square, convex, and concave cross sections. It was 
found that the effect of the edge shape combined with temperature difference did not affect 
the conclusions in this section, so only the square cross section will be explored here.  The 
527°C case, in addition to not showing any strain hardening response, is beyond the 
melting point of the material and will not be shown.   In comparison of the different lay-on 
temperatures, it is quite evident that the decreases of temperature leads to increases the 
von Mises stress. This happens because as the material’s yield stress is decreased at 
increasing temperature and lowered strain rate. The stresses can be seen in Figure 16 
which shows the roll bite region.   Even though the stress varies, the triaxiality is fairly 
constant (see Figure 16). The component stresses do not vary in comparison to each other 
and the change in temperature does not induce any extra shearing components, which 
explains the lack of change of triaxiality. The variation in the triaxiality for that case is not 
major, as the values of the stress triaxiality change slightly throughout the length of the 
simulation at the same location in comparison to the global coordinates. That being noted, 
the smaller region of positive triaxiality in the middle of the work piece is consistently 
smaller than those at similar location as the 327°and 427° cases.  
                                   
Figure 16- Stresses and triaxiality at different temperatures. All the models values are 
shown with the same contour ranges. 
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Figure 17- Damage for the square case 
The most notable difference in the modeling is that of crack likelihood, as seen in 
Figure 17. This figure shows as the temperature increases the likelihood of cracking 
increases. This directly relates to the amount of plastic strain that occurs because the flow 
stress decreases in the high temperature cases. The high temperature case directly relates 
to more spread, which will be discussed below. This, in turn, means a higher strain rate on 
the edges.  This effect can be seen in Figure 18, where the displacements in the edges are 
directly affected by the temperature differences.  
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Figure 18- Changes in spread for the changes in temperature for the square case at end of 
deformation 
In addition as the temperature difference changes, the constitutive model changes 
from the transitional region to the high temperature region in the model. As the model 
increases in temperature, the model moves out of the region where the constitutive model 
is inaccurate as addressed in Chapter 2. The g1/2 graph is shown for the different conditions 
in the roll bite for the square cases in Figure 19, which shows this change. 
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Figure 19- g1/2 values for the square shaped run. In this case any colored region represents a 
value in the intermediate range 
When changing the deformation speed, the initial speed reduction of 10% did not 
affect the results significantly; only when the speed was reduced to 50% did the solutions 
begin to deviate, but the changes where not significant. The spread was hardly affected by 
the change in speed, as seen in Figure 20. When checked, as expected, the g½ did not change 
significantly with the speed reduction. Ultimately, this material model is much more 
sensitive to temperature changes than rolling speed changes.  
 
Figure 20- Changes in spread for the varying roller speed for the square case at end of 
deformation 
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6.2 Spread 
Spread was mentioned in the previous section; it is the width change of the material. 
Mathematically spread,       , is quantifies by equation (6.1) where w1 and w2 are for the 
width at the entrance and exit and t1 and t2 are for the thickness at the entrance and exit , 
respectively (63). 
 
       =
ln  
  
     
ln  
  
  
   
 
(6.1) 
As the material moves along the rolling axis, the lateral expansion of the material is 
opposed by transverse frictional forces which create spread. Since these forces are higher 
at the center than along the edges, the edge region material moves more laterally in 
contrast to the center section. As the strip gets wider, the spread goes to zero at the center 
region (15). Spread is affected by geometry, such as width to thickness ratios of the 
material, the roll radius to strip thickness, roll gap friction conditions, and changes in the 
flow stress (caused by work hardening, temperature, and speed). The degree of spread 
decreases as the width to thickness ratio of the work piece, draft, and the ratio of roll radius 
to initial work piece increases (15).  
 In regard to geometry, edge cracking changes with varying width to thickness 
ratios. When looking at width to thickness ratios from 1 to 3, Kobayshi and Oh determined 
the amount of reduction before the onset of cracking (cracking reduction) increased as 
width to thickness ratio decreased.  In test of Duralumin (very similar to the AA 2024 alloy 
tested here), Latham and Cockcroft determined that spread does not affect cracking at 
width to thickness ratios of greater than eight. In addition, they determined that because 
the induced longitudinal tensile stresses at the edges are responsible for edge cracking, it 
does not appear that spread uniquely controls these forces (15).  
There is a slight increase in spread with temperature, following from a decrease in 
flow stress (46).  This was seen in the results of Burman and Thomson (46) and in this 
document as well (see Figure 18). The change in spread for these values is given as 0.305 
and 0.321 for 327℃ and 427℃, respectively. It is important to note that temperature 
changes have different effects for lab and industrial rolling conditions. In the lab the 
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temperature profile from the surface to the center is more radical, which directly affects 
flow stress values in the roll gap and therefore the spread. This effect also influences the 
edge profile (63). 
Quantifying the region of spread and the magnitude of spread is important when 
studying edge cracking. This can be done through the use of the viscoplastic or flow line 
field method to determine edge stresses.  By using billets etched with grids and rolled at 
different reductions, Bayoumi was able to measure changes in the grid to establish flow 
pattern characteristics. He found that lateral spread is best represented by second order 
polynomials using a flow-line field formulated to satisfy geometrical and kinematical 
conditions determined by the experiment. The solution he obtained is that the width of the 
edge zone is not constant along roll bite. The edge zone is at its largest width at the neutral 
line and is roughly equal to half of the roll bite length. The width of this region decreases 
towards the beginning of the roll bite.  Ultimately he found the maximum value of 
longitudinal stresses on a billet is 1/√3 of the flow stress, and occurs at the neutral point 
where the width of the edge zone is a maximum (64).   
 Very little work has been done on determining an analytic formula for spread.  
Empirical formulae exist but are limited in scope to the specific materials and conditions 
that they were developed under. Spread has been modeled by different methods including 
numerical and analytical techniques [ (65), (66)]. The work by Kummerling focuses 
primarily on the upper bound method for a solution (66).  Zaharoff et al. has demonstrated 
spread with both the asymptotic solution model and a lateral flow model. Both models rely 
on similar kinematic assumptions. One uses the analytical asymptotic method, and one uses 
a three dimensional numerical method. Both of Zaharoff models ignore edge profile 
because they assume the in-plane velocity components in the rolling and width directions 
are independent of the through thickness coordinate.  Both of these models were good at 
predicting the degree of spread; but the analytic model, while more computation time 
intensive, is more versatile for different geometries. These models break down in 
aluminum with greater than 30% reduction (65). Generally speaking the finite element 
formulation has begun being the method of choice for predicting spread; while it is 
computational heavy, it is fairly accurate for many different conditions.  
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 To study the effect of spread, the width to thickness ratio of the work piece was 
varied from one to ten. Spread will also be discussion in the edge shape and friction 
sections as well. 
 For this study the width to thickness ratio was varied from one to ten, changes in 
the spread, stress, and cracking parameters were viewed. For these simulations the length 
was not increased. This caused problems with the edge profile not being well developed for 
width to thickness ratio greater than five. This was noticed when reviewing the 
progression of the edge shapes though the roll bite; instead of the edge shape and spread 
reaching a constant value at the end of the roll bite, they varied until the beginning of the 
sample. In addition, if there was not significant material before the entrance of the roll bite, 
deformation was seen here.   In reviewing this data it was found that a length to width ratio 
of at least three was required; 3.5 would be preferred.   Attempts to run these models with 
the additional length were made, but the increase in computational time was prohibitive 
and not essential for this type of analysis.    
The results, as given in Figure 21, shows the spread changing radically when the 
width to thickness ratio is less than four. As the ratio increases the value gets closer to the 
plane strain value which roughly corresponds to a width to height ratio of eight.   
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Figure 21- Spread verses changes in width to thickness ratio 
It is quite clear from Figure 22 that as the width to thickness ratio increases the 
likelihood of edge cracking increases as well; this corresponds to the work of Kobyashi and 
Oh (15) which saw a similar effect. Similar to spread, as the width to thickness ratio gets 
around eight the damage graph does not change. Again this relates to the model getting 
closer to the plane strain solution where the width to thickness ratio should not affect 
cracking.  This corresponds directly to the development of triaxiality, in which the region of 
positive triaxiality gets larger as the width to thickness ratio increases (see Figure 23).  
Returning back to the damage parameters (see Figure 22), there is an interesting change in 
the location of damage between a ratio of two to three. Here the model switches from 
surface damage to damage at about the T/4 row of elements. The damage on the top 
surface is likely affected by the contact boundary conditions of the roller and likely does 
not happen that way in real rolling.  In the future increasing the width to thickness ratio to 
three would make it easier to view, as the surface boundary conditions no longer affect 
47 
 
damage. But as the ratio of width to thickness increases there is an increase in the size of 
stress waves in the entry and exit of the work piece.  The use of a longer sample tends to 
reduce the magnitude and frequency of these waves, but these increase the time of the 
simulation. Luckily these stress waves should be filtered out of the damage response, due 
to the strain rate filtering discussed in Chapter 4.  
In the future, changing the base model from a width to thickness ratio of two, used 
here nearly exclusively, to a higher ratio of three of four would be ideal. This change moves 
the damage away from the top surface, where the contact conditions may affect its 
appearance, to the middle of the sample. In addition, this slight change still keeps the model 
size in a reasonable range. 
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Figure 22- Damage variables varying width to thickness ratios 
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Figure 23- Triaxiality and stress over varying width to thickness ratios 
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6.3 Edge Shape 
Edge shape in rolling is an important crack prevention parameter. In fact, literature 
often recommends reducing edge cracking by maintaining a square edge either by 
trimming or the use of edge rollers (59).   Edge shape is believed to control the induced 
tensile stresses at the edges (15) . Edge shape is developed over the entire rolling process 
and can either be described as convex (barreled) or concave (fished-tailed or double 
barreled), but it is believed that the initial passes with an ingot had the most effect on the 
edge shape (46).  But while edge shape is commonly cited as a problem, this is not the 
entire story. Tests on the same Al-Mg alloys also showed that the materials that barreled 
the most where also the least likely to crack (1). 
The creation of either a convex or concave profile is determined by a function of the 
geometry (46).  For example, Sheppard and Duran (63) determined if equation (6.2) is true 
the edge shape for aluminum is concave.  
 
√  
ℎ 
 <   ± 0.06 
(6.2) 
Where R is the radius of the roller, δ is the reduction, and h1 is the initial height.  The value 
of C varies for different conditions: for example for the laboratory condition, C=0.8, and for 
industrial rolling, C=0.3 to 0.6.   This difference was either attributed to the use of unheated 
rollers in the laboratory (46) (which is quoted to affect the sticking/ slipping frictional 
condition) or affect the homogeneity of the deformation (63).  In lab conditions the 
temperature gradient from the surface to the center is more severe, affecting flow stress in 
the roll gap. The work rolls tend to “quench” the material and dominate the heat transfer 
rolling conditions. Since the size and temperature of the rollers are drastically different 
from laboratory and industrial conditions, different profiles can result. That translates to a 
higher likelihood of a convex profile (63).  Additionally, higher temperatures can increases 
the concavity of the work piece, as a higher temperature creates greater longitudinal 
restraint by increasing friction and homogeneity of deformation caused by a decrease in 
yield stress (46). 
Many of the analyses of spread ignore edge profile or limit themselves to the 
creation of only convex edge profile. This is unusual since concave profiles are very 
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common, especially when rolling large ingots (67). Edge shape is mostly controlled by the 
geometry of the rolling, specifically the pass reduction. In general, convex profiles are 
common when large percentage reductions are used; with smaller reductions concave 
profiles are more likely (67) (46).  
When describing the specific shape and generation, it was found that a 4th order 
polynomial with constants depending on     ℎ ⁄  and    ℎ ⁄ , where W is the width of the 
materials (46), provided the best fit. This has been verified by several authors and 
compared to both industrial and laboratory hot rolling conditions; ultimately the fit is not 
improved by 5th and 6th order polynomials (46).   In addition, a variation with the   ℎ ⁄  
parameter changes the profile gradually, with no instability points. However, the behavior 
changes significantly as the reduction reaches about 20% when a transition from concave 
to convex profile occurs. Also, the ratio between the constants does not change significantly 
with   ℎ ⁄ meaning that the convex or concavity is independent of the initial width. 
Additionally, these studies have determined that edge shape is alloy independent (67).   
The creation of these formulas to quantify edge shape has a very practical 
application in trying to minimize edge trimming (67).  The closed form approach to lateral 
spread formulas is limited in its application. This is unfortunate because looking at edge 
shape (quantifying lateral strain differences through the slab thickness) has been ignored 
by methods based on Orowan’s method and minimization of energy --that either neglect 
lateral change in shape or resort to unverified assumptions as to the nature of the width 
strain (67). Luckily the finite element method is provides very good agreement to edge 
shapes to both laboratory and industrial conditions (63). 
Early experiments on chamfered profiles showed the included angle decreased 
during rolling (68). In more realistic studies involving the edge profile, that focus on the 
rolling of billets the edge shape was monitored as it moved from convex to concave (63). In 
their study Sheppard and Duran found that as the contacting slab face with the rollers 
increases in width and the extent of the bulge in the slab center decreases. This widening of 
the contact face is described by two mechanisms: the creation of a side folds (which include 
the coupled transfer of the side face material being folding to create a new interface) and 
the billet slipping across the rolls. Additionally, they found that the magnitude of outward 
spread at the center decreases and the spread at the edges increase.   Using this fact, they 
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concluded the edge profile could be controlled by changing the amount of reduction for 
each pass (68).  
When it comes to cracking experiments, much of the early experimental work with 
edge shape also dealt with primarily convex edge profiles, including the work of Cusminky 
and Ellis (68).  These studies were significant because they proved that even though the 
material parameters in edge regions may differ versus the bulk of the body, the smallest 
single pass reduction that creates edge cracking existed for the chamfered edges. 
Hessenberg and Bourne also discussed this result and tested chamfered edges, radius 
edges, and square edges. They determined the square edges could take the largest 
reduction before cracking (15) .   The tensile stresses differ between the square and 
chamfered edge shape. While in the roll gap, the square edges is subjected to both 
longitudinal tension and a vertical compression, whereas in chamfers strip that material is 
subjected to tensile stresses only. In the Cusminsky and Ellis study (68), they attempted to 
empirically measure these stresses in pure metals by polishing and etching plates and 
riveting them together. This allowed them to examine the flow lines in the center of the 
material. While they were able to measure longitudinal strain and determine the that 
transverse strain increases as the included angle of the chamfer decreases, the conclusions 
of this study were under some debate, because they failed to measure the transverse strain 
as pointed out by Hoffmanner (69). 
Some exploration of edge shape has been done in this work.  This quick detour into 
the predicted edge solutions is in order because finite element analysis is known to be 
fairly accurate in this realm. Also some additional insight could be gained and (hopefully) 
parameters that effect edge shape can be studied-- without worrying about unrealized 
coupled parameter effects. 
The first of such parameters to study (friction will be reviewed in section 6.5) views 
the change in shape of the work piece at the end of rolling, as seen in Figure 24, for varying 
width to thickness ratio. During the increase of the width to thickness ratio the profile of 
the edge changes from initially convex to slightly concave with an increase the width to 
height ratios.  
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Figure 24- Edge shapes at the outside of the roll bite for different width to height ratios. 
It is also interesting to view the progression of the shape throughout the roll bite. 
This was accomplished by taking nodal paths down the sample. It is important to note that 
this method is not perfect because the nodes at the end of the deformation are no longer 
perfectly inline vertically, but they are close which provides a good way to compare values 
of displacement easily.  
By looking at figures Figure 25 and Figure 26 the progression through the roll bite 
can be viewed. When moving from left to right on this charts each of the line represents the 
edge shape moving one element towards the exit of the roll bite essentially this translates 
to a movement of  0.0050m before deformation in the rolling direction or  0 .0065m after 
deformation. It is interesting to note, that the shape starts in the roll bite as very convex, 
and as the material deforms, the nodes at the bottom deform outward to create the convex 
shape. In Figure 26 a similar progression can be seen, but it seems that the material does 
not deform enough so the center section can catch up to the deformation of the top nodes.  
It is noticeable in this set of data that both the convex shape profile and concave 
shape profile exist even while the value of 
√  
  
 remains constant. In this formula (6.2) there 
is a little uncertainty in this value (the ±0.06) which may be causing the variation in the 
edge shape.   
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Figure 25- Square edge displacement as it evolves over the roll bite for width to thickness of 
two. 
 To look the concave edge shape creation, a width to thickness ratio was chosen as 
five and graphed similarly to the case of width to thickness of two. When viewing Figure 26 
it seems odd that the elements would deflect negatively. The negative deflection before the 
roll bite was also seen in viewing higher width to thickness ratios where the edge profile 
was not allowed to fully develop. An increase in length of these samples did reduce but not 
remove all of the negative deformation. This could be suggestive of the material on the 
sides being transported upwards and then laterally into to the top surface.  
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Figure 26- Square edge displacement as it evolves over the roll bite for width to thickness of 
five. 
6.4 Changing the edge shape from square, convex, to concave 
Work pieces in industrial conditions rarely enter into rolling operation as completely 
square, as the edge shape changes during the multiple roller step process. While these 
processes change the edge shape they induce residual stresses and work harden the edges 
of the material. So the use of modeling here allows one to view the effects of rolling without 
worrying about allied effects. To examine the change of rolling shape, three cases were 
compared: the convex, concave, and square as introduced in Figure 27. Initially the changes 
of included angle from 160°(convex), 180° (square) ,200° (concave) will be reviewed. Next, 
the effect of increasing or decreasing the angle will be explored.  
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In order to make sure that the width to thickness ratio does not affect the solution, 
the work piece in the model was drawn so that the average width remained the same for all 
cases. This action is critical for this width to thickness ratio since the spread, damage, and  
 
triaxiality are very sensitive in the low width to thicknesses range.  
Overall the adjusted models seemed to show that the V shape and the square shape 
were very unlikely to crack (see Figure 29). The small amount of cracking that appears on 
the square shaped is likely caused by the contact boundary conditions at the top of the 
model. The M shaped seems to consistently have a significant amount of cracking as seen in 
Figure 29. Positive triaxiality shows up in three areas in the roll bite: at the entrance at the 
surface, at the exit of the roll bite at the surface, and at center line of the roll bite away from 
the surface. The change in shape seems to affect the center positive triaxiality (Figure 28) 
location the most. In the M shaped sample the center positive triaxiality location is no 
longer present; while in the V shaped sample the location is wider in the rolling direction. 
Since, the surface positive triaxiality locations are likely more affected by the contact 
conditions than the spot at the mid-section, it makes sense that this center location is 
affected by the change in the shape. Overall, the values of von Mises stress is not affected 
much by the edge shape in these three cases, as the yield stress is roughly the same 
throughout the sample. This data is difficult to compare to the experimental data (68) 
presented in the beginning of this section, mainly because the concave edge shape was not 
tested in that data. While the square edge shape did show some slight damage, it is likely 
caused by the contact conditions than the edge shape.  
   
Square Shaped “M” Shaped “V” Shaped 
Included 
 
Included angle Included angle 
Modeled 
Figure 27- Edge shape for the different cases modeled 
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Figure 28- Stress and triaxiality for the three edge shapes 
 
Figure 29- Damage for the three different edge shapes 
  
The spread was also reviewed (Table 5) for this model and is shown to vary slightly 
for the sample, but not significantly.  
Table 5- Differing edge shapes for spread values  
  
 
 
 
 
The progression of the edge shape was also reviewed, as it was with the square 
values. It can be noted that both edge shapes developed a slight curvature to them. While 
Edge shape Spread 
Square  0.1685 
“V” shaped 0.1938 
“M” shape 0.1288 
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the slopes do not appear to change, in Figure 30 and Figure 31 they actually do because of 
the scale of the graph.  The included angle changes from 180° to roughly 124° degrees in 
the convex case and from 200° to 256° in the concave case. In both instances the angle is 
changing roughly the same amount (off by about 1°) and the edge profile is becoming more 
exaggerated (the convex shape is becoming more convex). It is also interesting to note 
when looking at the pure displacement values of each node in the thickness direction 
though the roll gap, the same progression from concave to convex (or nearly convex) is 
noticed as was noticed in the square case in both instances (see Figure 32 and Figure 33). 
 
 
Figure 30-V initial shape change over the entire roll bite. 
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Figure 31- M- Shape evolution through the roll gap. 
In the V (convex) shape case it is quite clear that displacement is not as smooth as in 
the other samples. The top nodes appear to be sticking more than the other samples. This 
could be related to the fact that the overhang is not compressed as much. In addition, the 
top nodes are less constrained in the V case than the top nodes for the M case, since the 
contact region for this case is smaller for the V case.  There is also a fair amount of 
deformation before the roll bite, the convex region is moved out, and the concave is 
contracted. This effect is not seen in the square case. While seen in the wider models with 
insufficient length, this might mean that the sample needs to be longer to ensure end effects 
are minimized.  
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Figure 32- Displacement of nodes for convex edge shape (V shaped) evolution to the roll bite 
 
Figure 33- Displace of nodes for the concave edge shape (M shape) evolution to the roll bite 
As the degree of convex or concavity increases, the amount of damage increases as 
well (see Figure 35 and Figure 36). The acceleration of the damage for the convex case (see 
Figure 35) is impressive, as the material does not show any damage until the last case 
modeled.  The concave case shows damage first but the damage does not accelerate like the 
convex case. In addition, the triaxiality (see Figure 34) seems to congregate in the regions 
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with the most overhang. This makes sense as this region is under a smaller compressive 
load.  
 
Figure 34- Convex and concave triaxiality and stress graphs. 
 
Figure 35- Damage graphs for convex shape.  
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Figure 36- Damage graphs concave shape.  
Obviously, a straight angle edge is unlikely for most cases. A more realistic edge 
shape was created, and seen in Figure 37.  While multiple edge shapes with exaggeration of 
this edge profile where simulated, all showed severe edge cracking and similar triaxiality 
and stress profiles so only the smallest case will be presented here.  
 
Figure 37- Overhanging edge profile. 
 
63 
 
 
Figure 38- Stress, triaxiality and damage for the overhang shape. 
Again, the triaxiality is highest in the location with the most overhang, which makes 
the damage almost entirely collect here. In addition the stress does not increase 
significantly, as the model is yielding.   
6.5 Friction 
The frictional component used in this study was chosen somewhat randomly, 
although the value is in a reasonable range. It was important to study its choice on the 
solution in this model. Friction is a tricky thing in modeling because the factor does change 
throughout the rolling process as it is dependent on rolling speed, pass reduction, and 
temperature.  It seems that frictional effects in literature have very little effect on edge 
cracking. As a secondary cause, Xie et al. focused on the initiation of cracks caused by 
lubrication conditions in the contact zone. They argue that because the load of the rolling is 
shared between the material and the lubrication boundary level, cracks are more likely 
without lubrication. In addition, these cracks are more likely to form on the edge of the 
material because the grains are the weakest here. In addition, lubricated rolling results 
promote a near homogeneous deformation especially in cold rolling.  Lower friction, 
moreover, can reduce the growth rate of edge cracks. Friction additionally affects the strain 
and stress distribution in the strip (70).  Many of the effects discussed in Xie et al. study are 
small and are essentially ignored in the model; however, the model does not ignore the 
likely effect of friction on spread and longitudinal stresses.  
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For the present study, a square edge shape was chosen as the coefficient friction 
varied from 0.1 to 0.4 in increments of 0.05; the edge shape and the effect on cracking, 
triaxiality will be discussed.  
In this case, friction affects spread (Figure 39).  The spread of the 0.1 frictional 
coefficient is similar to an equal spread for a work piece with a width to height ratio of 1.5. 
As expected the spread decreases with higher friction coefficent, since the higher friction 
restrains the edges from moving outward.   
 
 
Figure 39-Friction vs. Spread 
In Figure 40 it is quite clear that the edge shape changes for the different values of 
friction, which is further evidence that the edge shape is on the cusp of being either convex 
or concave. It is interesting that the higher spread caused by lower friction pushes the work 
piece into the concave zone, where in the width to thickness study the opposite was found. 
This leads one to believe that the spread is not the determining factor in edge shape.  
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Figure 40- edge shape for different friction conditions outside of roll bite 
One thing to note is that the kinematic conditions that helped with mass scaling 
cause higher triaxiality on the surface in contact with the rollers. This effect causes the 
damage on the top surface seen Figure 41 which may not be real. It is easy to see that by 
lowering the coefficient of friction lessens this effect lessens. Basically by choosing a factor 
between 0.1 and 0.2, which are still realistic values as given by the literature, surface 
damage effects may be down played.   
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Additionally the stress and triaxiality values only vary significantly for the 0.1 to 0.2 
range; after this point the values seem to be relatively constant (Figure 42). In the smallest 
coefficient of friction case the triaxiality graph is much lower. In fact, the typical triaxiality 
positive location in the center of the roll bite is not present, this missing positive triaxiality 
area is likely to affect the total cracking in the body, so the choice of a damage parameter 
that is so low might under predict cracking.   
Figure 41- Damage parameter top view. 0.15 damage right and 0.40 damage left 
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Figure 42- Evolution of Stress and triaxiality for different coefficients of friction with a 
square edge shape 
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Figure 43- Damage variable for varying coefficient of friction 
 In addition, a quick look was taken using Orowan’s method for frictional values. This 
was implemented crudely by using a maximum shear stress cutoff value option, available in 
surface interactions menu in ABAQUS. An average yield stress was estimated for the 
contact region and then used to calculate a value of the maximum shear stresses. Overall 
there was very little effect on the maximum von Mises stresses. Triaxiality (Figure 44) was 
slightly affected; in addition, there was a slight change in the damage parameter solution 
(Figure 45) for these two models.  The damage result is more curious, as the one location of 
damage shown developed as the point was entering the roll bite region. It is unclear if that 
damage was formed by a high fluctuation in the stress cause by stress waves that did not 
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get filtered out or if this is just an error created by the modeling boundary conditions. 
Overall the use of Orowan’s friction did not significantly affect modeling time or the 
difficultly needed to create the model. In the future a more sophisticated method might be 
explored. Although, the frictional representation is more accurate as discussed in chapter 1, 
the results of the Orowan frictional method need to be explored as this preliminary study 
presents some questionable solutions.  
 
Figure 44- Triaxiality for the Orowan friction case  
 
Figure 45- Damage for the Orowan friction case 
 
6.6 Asymmetric rolling 
Asymmetric rolling is also a problem that deserves some exploration.  Pesin et al. 
preformed a study which top and bottom roller sizes differed on small bands with radius 
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edges (71).  In this case, the finite element analysis performed shows that the asymmetric 
rolling decreased the likelihood of cracking, because the peak stresses at the top and 
bottom of the edge region were significantly reduced. The study presented here is slightly 
different, as the top and bottom rollers are not moving at the same speed. Since, in this 
case, the model is no longer symmetric in the through thickness direction, it is important to 
model half the work piece instead of the ¼ work piece used up to this point.  Two 
geometries are modeled here: one with square edges and one with a small “P” shaped 
overhang. Each case is modeled 4 times, one with both rollers at the same speed, and with a 
5%, 10%, 15% increase in speed of the bottom roller.  
 
Figure 46- Asymmetric rolling for the square edge shape stress and triaxiality. 
A few things to mention about this model, the triaxiality graph does not show the 
third positive triaxiality region that was in the center of the roll bite for the same rolling 
speed seen in the ¼ modeled cases. This region of positive triaxiality might have been 
artificially raised by the symmetric boundary condition. This appears drastic here, because 
the triaxiality values are only displayed for the positive values. If this range is expanded 
into the negative region this spot re-appears as just being negative. Fortunately, in most of 
the cases presented in this paper that missing region of high triaxiality has not associated 
with cracking except in the convex shaped case. Unlike the work by Pesin et al., the 
maximum value of stress really did not change for the increases bottom roller speed cases 
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and the damage solution is very inconclusive. Although the contact region on the top 
surface (slower roller) appears to decrease cracking, it is hard to determine if the value was 
caused by the surface boundary conditions.  Overall, the asymmetric condition appears to 
increase the cracking for the faster rolling surface, but again the damage appears to be 
sporadic.  
 
Figure 47- Asymmetric rolling for square edge damage plot. 
Next a small “P” overhang was tried; this had the advantage of having a significant 
amount of damage so it would be easier to spot any effects of asymmetry. To increase the 
likelihood of a better solution, the width to thickness ratio was increases to three to move 
the damage away from the contact surface. In addition a decrease of the coefficient of 
friction to 0.2 was used to minimize the effect of the surface boundary conditions on 
rolling. 
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Figure 48- Asymmetric rolling for the small overhand edge shape stress and triaxiality. 
For the most part the change to asymmetric rolling was very small-- if there was any 
effect at all in the P case. Damage might have been slightly smaller in the asymmetric case. 
But this was only realized when viewing the most damaged sections and noticing a slight 
decreasing the number of damaged nodes in this region under a very close inspection. 
Stress was much less affected in this case than the square case. However, triaxiality was the 
most affected as the center positive triaxiality region shifted its position. Again this region 
does not cause cracking in these simulations, so this effect is negligible to the damage 
solution.  Overall the asymmetric rolling effect does not seem to be a major way to change 
the cracking in a work piece.     
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Figure 49- Asymmetric rolling for small overhang edge shape case. 
6.7 Examination of tensile stresses 
Since the creation of longitudinal tensile stresses is charged with causing edge 
cracking, it is important to look at some of these values to understand the effect of the 
stresses. Ultimately, it is these longitudinal forces that compete with the compression 
forces to create positive or near positive triaxiality. 
Figure 50 shows the locations of the tensile stresses in the typical model. In the 
center of the surface through the roll gap the mostly creates compressive longitudinal 
stresses, these slowly become tensile as we move towards the edge in this region. These 
compressive forces in the roll bite are caused by friction. This same general shape of the 
compressive and tensile stress in the roll bite is seen for all width to thickness ratios.  
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Figure 50- Typical model tensile stress creation. 
As the edge shape changes away from a square shape into a more rounded one, the 
magnitude of these tensile stresses increases. In Figure 51, there is visibly a very slight 
increase in the middle of the curvature. In a model with a full radius, Figure 52, this effect is 
more severe.  
 
Figure 51- Slight P shape. 
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Figure 52- Model with a radius of 0.02. 
In the cases of the M and V shapes with included angle of 200° and 160° the change 
is not that clear. The regions of the tensile stresses change slightly with the tensile region 
shifting toward the region overhanging the most, along with a slight increase in magnitude 
of the tensile stress (Figure 53 and Figure 54). 
 
Figure 53- M shaped. 
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Figure 54-V shaped. 
For the most part, the width direction forces are much smaller than the other 
directions, whether they are positive or negative. These stresses do not contribute 
significantly to the development of high triaxiality. While they are higher and more 
consistent for rounded edges, they are still an order of magnitude smaller than the 
longitudinal stresses. Additionally, in these round shapes (both the radius and the P shaped 
overhang) the edges of the work piece in the roll bite become slightly tensile in the 
thickness direction as seen in Figure 55.  
 
Figure 55- Stress in the thickness direction. 
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Chapter 7 Conclusions   
When weighing the causes of edge cracking, which may be contradicting in 
literature, it is important to look at how those factors contribute to the ductility of the 
material and the creation of secondary tensile stresses. Only when understanding how each 
individual parameter influences these conditions can the likelihood of the induction of edge 
cracking be determined. This process is no easy feat as different process parameters can 
have unintended results on other parameters, such as changing lay-on temperature effects 
friction. This means modeling is an effective way to study these parameters that might be 
difficult to test. 
Overall, finite element analysis is the easiest and most accurate tool to model rolling 
currently. Commercial finite element packages can be employed easily, so, proprietary 
solvers are not necessary.  Additionally, the finite element method is an appropriate tool 
for conducting parametric edge cracking studies because changing boundary conditions are 
relatively easy to apply without inducing unforeseen changes in other conditions. When it 
comes to modeling rolling, a few things to keep in mind are: 
 Be sure to choose a constitutive model that has a temperature and rate 
dependency as these are essential to modeling metal forming operations. 
 The automatic mass scaling scheme built into ABAQUS provides good results 
along with decreasing simulation time.  
 In the future using a width to thickness ratio of more than three would both 
decrease the sensitivity to varying width to thickness ratios and move the 
cracking region away from the top surface where contact conditions cause 
problems. It also might be possible to model an infinitely wide sheet and 
view edge cracking likelihood by creating a model with a 2D plane strain 
elements attached 3D elements. This method was hinted by Bayoumi (64).  
 Modeling with a frictional coefficient of 0.2 is recommended. It is both 
reasonable and reduces the effects of the contact conditions on the top face. 
While Orowan’s friction has been attempted here and according to literature 
it is more accurate, a more sophisticated method of implementation should 
be employed along with a study to check its accuracy. 
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 Insure that the length to width ratio of the piece modeled is at least three 
(preferably 3.5) as a shorter work piece does not allow the edge profile to 
develop completely and may cause deformation and stress waves before the 
roll bite. When using this longer work pieces it might be useful to employ 
start the roller by punching into the middle of the work piece and then 
rolling in the middle of the work piece instead of rolling from the start of 
work piece as detailed in Chenot (18). This change will likely reduce the 
amount of step time needed to fully develop the edge profile as end effects 
will be lessened. 
In addition, a better way of presenting damage needs to be developed. Using an 
averaging triaxiality scheme would be more appropriate because it is more in line with 
experimental data and it would reduce the number of elements showing damage to a more 
reasonable number. Although the idea of the scheme was to show the likelihood of damage, 
often the damage displayed was so severe that it was difficult to differentiate conditions 
and magnitude of damage. In the future, developing a model that shows the propagation of 
edge cracks instead of just the initiation would be appropriate. While the element deletion 
scheme was attempted using ABAQUS with the current VUMAT; the results were not 
promising as the element deletion scheme caused extremely inaccurate deformation.    
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